Comment on "Short-range magnetic interactions in the spin-ice compound H02T12O7" 
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0. A. Petrenko, M. R. Lees and G. Balakrishnan 
University of Warwick, Department of Physics, Coventry, CV4 7AL, UK 
(Dated: February 1, 2008) 

In their recent communication (Phys. Rev. B 64, 060406(R) (2001)) Cornelius and Gardner have 
reported the results of magnetization and susceptibility studies on single crystals of the pyrochlore 
Ho2Ti207. The observed field dependence of magnetization is totally unexpected, as it seems to 
suggest that the magnetic moments in this compound do not obey the 'ice-rule'. We have re- 
measured the magnetization curves for Ho2Ti207 single crystal for the three principal directions of 
an applied magnetic field and found nearly perfect agreement with the predictions for a nearest- 
neighbor spin-ice model. 

PACS numbers: 75.50.-y, 75.60.Ej 



The pyrochlore compound Ho2Ti207 is considered to 
be a good realization of the spin-ice model, where the 
magnetic Ho 3+ ions possess a strong Ising anisotropy 
and are constrained to point along the local (111) di- 
rection!!]. This assertion is most vividly corroborated 
by the elastic neutron scattering patterns obtained in 
Ho2Ti207 at sufficiently low temperatureo. In the spin- 
ice model, the following values of saturation magnetiza- 
tion are predictedM: M^ [im] =n/s/S, M^f [nl] =/i/2 

and Af| f '|*j 110 j=^/v / 6, where fi is a full magnetic moment 
of a Ho 3+ ion (the corresponding spin configurations are 
shown in Fig. 1 of Ref. ||). 

Cornelius and Gardneri have measured the magneti- 
zation and susceptibility of single crystals of Ho2Ti207. 
Although the authors claimed that the observed magne- 
tization isotherms are qualitatively similar to that pre- 
dicted by the spin-ice model, two major contradictions 
with the theoretical predictions are obvious. The first 
discrepancy is that the saturation magnetic momcntQ of 
5.9 hb per Ho atom is reported to be nearly indepen- 
dent of the orientation of magnetic field, while in the 
spin-ice model M nl , M 110 and M wo must differ. The 
second discrepancy is that for H || [110] the magneti- 
zation is claimed to be almost temperature independent 
below T = 4 K. 

These are rather surprising results, taking into account 
that the magnetization curves of a similar spin-ice com- 
pound, Dy 2 Ti*Op', do follow the theoretical predictions 
quite preciselyOQ. In an attempt to clarify the situa- 
tion we have re-measured the magnetization curves of 
Ho2Ti 2 07 for the three principal directions of an applied 
magnetic field, [100], [110] and [111]. 

Single crystals of Ho2Ti207 have been grown by the 
floating zone technique using an infrared image furnaceO. 
By measuring the X-ray diffraction patterns on powder 
samples prepared from single crystals, we confirmed the 
high purity of the crystals, as no impurity peaks were 
found. The magnetisation versus field data were collected 
using an Oxford Instruments vibrating sample magne- 
tometer between 1.6 and 18 K in applied fields of up to 
12 T. We have used small (5 to 25 mg) samples of various 
shapest2l. The absolute accuracy of the magnetization 
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FIG. 1: Field dependence of the magnetization of Ho2Ti2C>7 
single crystals at different temperatures. 



measurements was of the order of 3%0. The principal 
axes were determined using X-ray diffraction Laue pho- 
tographs; the crystals were aligned to within an accuracy 
of 1-2°. 

The results of the measurements are summarized in 
Fig. 1, where the observed magnetization is plotted 
against the effective magnetic field— H = H ext ~ nM, 
n being the demagnetization factonilJ. For the magnetic 
field applied along the easy-axis direction, H || [100], 
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the magnetization curves look rather similar to those 
reported by Cornelius and Gardnem. The only small 
difference is in the value of saturation magnetization: 
(6.22 ± 0.19)/x B /Ho compared to 5.9^ B /Ho in Ref. |, 
which could be attributed to the limited experimental 
accuracy. For T > 2 K Cornelius and GardnerO obtained 
identical results for Mm and Mioo, while our measure- 
ments revealed significantly different values for different 
orientations at all temperatures. At sufficiently low tem- 
perature, T < 2 K, we observecLa plateau in Mm at 
3.6/is/Ho in agreement with ref.El. The obtained value 
of saturation magnetization, M^tf,^-,, is however rather 

different: (5.54±0.17)/xb per Ho atom. The saturation is 
reached in a field oLabout 3 to 4 T compared to 7 to 8 T 
reported previously . Despite the metastable character 
of the plateau, no significant hysteresis in the magneti- 
sation was detected at any temperature. Note, that the 
observed ratio M^|f, lu] /Mg|f, 100] =0.89±0.05 agrees well 

with the theoretical ratio ^ « 0.866. 

Out results for a hard-axis magnetization, Mno, are 
in the-, sharpest contrast with Cornelius and Gardner 
reportQ. The low-field magnetization (H < 0.3 T) is 
found to be temperature dependent and similar to that 
for the other two orientations of magnetic field. With 
increasing field, the magnetization grows rapidly and 
reaches a saturation in a field of about 1.5 T. The 
value of the saturation magnetization for H | [110] is 
(4.43±0.13)/Lts per Ho atom. Again, the observed ration 
M^|f [110] /M| f | [100] =0.73±0.04 complies with the spin-ice 

theory predicting w 0.707. 

From the values of the saturation magnetization for 
all the three orientations and from the value of Mm 



on it plateau, a full magnetic moment on the Ho site is 
/i = (10. 9± 0.3)/is. This value is consistent with the free 
ion moment for the 5 Is state of Ho 3+ , fi = 10.6/zb, but is 
also close to the value expected for an mj = ±8 doublet 
ground state, n = lO.O^s (Ref. |l2| ). 

The lowest temperature available for our measure- 
ments, T — 1.6 K, is still relatively high on the scale 
of the exchange interactions in Ho 2 Ti 2 07, therefore we 
were unable to see the multiple plateaux in magpfitiza- 
tion predicted by the Monte Carlo calculationsallj and 
observed in the spin-ice compound, Dy 2 Ti 2 07 (Ref. pT[ ). 

One can only speculate why the results of Cornelius 
and Gardnem are different from our results. Their data 
cannot be explained solely by a small crystal misalign- 
ment, as pointed out in Ref. ^| An important note to 
make is that due to a significant anisotropy and the large 
magnetic moments involved in a system, it is extremely 
difficult to keep the._ff || [110] orientation for a sample in 
a high applied fieldlij. One possible explanation is that 
both for H || [111] and H || [110] orientations the crystal 
was allowed to rotate in field and eventually aligned itself 
with the [100] easy-axis parallel to the field. This effect, 
however, does not explain why the low-field susceptibility 
for H-\\ [110] is very different from the other two direc- 
tionsta and why it is almost temperature independent 
below T = 4 K. Another possibility is that the actual 
sample temperature was much higher than stated. Judg- 
ing by the low-field value of Mno, the real temperature 
of the sample could have been above 20 K. 

To conclude, the observed field dependence of magne- 
tization for a single crystal of Ho 2 Ti 2 07 matches well 
the predictions for the spin-ice nearest-neighbot, model 
contrary to the report by Cornelius and Gardnem. 
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For a crystal in an unfavorable orientation, even in a mod- 
erate field of 3 - 4 F the magnetic forces involved are strong 
enough to break the crystal itself, not to mention the ad- 
hesive materials. Special precautions need to be taken to 
ensure that the crystal does not move in an applied field. 
Fhis observation is in contradiction with the cubic sym- 
metry of the crystal. 



